Abstract.-Systematists expect their hypotheses to be asymptotically precise. As the number of phylogenetically informative characters for a set of taxa increases, the relationships implied should stabilize on some topology. If true, this increasing stability should clearly manifest itself if an index of congruence is plotted against the accumulating number of characters. Continuous jackknife function (CJF) analysis is a new graphical method that portrays the extent to which available data converge on a specified phylogenetic hypothesis, the reference tree. The method removes characters with increasing probability, analyzes the rarefied data matrices phylogenetically, and scores the clades shared between each of the resulting trees and the reference tree. As more characters are removed, the number of shared clades must decrease, but the rate of decrease will depend on how decisively the data support the reference tree. Curves for stable phylogenies are clearly asymptotic with nearly 100% congruence for a substantial part of the curve. Less stable phylogenies lose congruent nodes quickly as characters are excluded, resulting in a more linear or even a sigmoidal relationship. Curves can be interpreted as predictors of whether the addition of new data of the same type is likely to alter the hypothesis under test. Continuous jackknife function analysis makes statistical assumptions about the collection of character data. To the extent that CJF curves are sensitive to violations of unbiased character collection, they will be misleading as predictors. Convergence of data on a reference tree does not guarantee historical accuracy, but it does predict that the accumulation of further data under the sampling model will not lead to rapid changes in the hypothesis.
The importance of evaluating support for phylogenetic hypotheses is evident in the number of indices that have been developed for this purpose, from simple descriptive statistics (e.g., Kluge and Farris, 1969; Archie, 1989b; Farris, 1989; Goloboff, 1991a) to support measures based on the variation of some aspect of the analysis (e.g., Felsenstein, 1985a; Bremer, 1988; Archie, 1989a; Faith, 1991; Faith and Cranston, 1991; Farris et al., 1996) . Although support measures used in systematics are diverse in their methodology, all are intended to assess confidence in a clade, tree, or set of trees. Existing support measures are expressed as numerical values that may represent an index of conflict in the data, the frequency with which a clade is recovered from permuted data, the sensitivity of a clade to the relaxation of optimality criteria, or the probability that the data demonstrate more structure than expected under some null distribution. John Tukey, the eminent statistician who pioneered exploratory data analysis, once said that, "the greatest value of a picture is when it forces us to notice what we never expected to see " (1977:vi, emphasis in original) . In that vein, a more exploratory approach would be to reveal graphically how the estimate of the tree topology changes with the addition of data. Systematists expect their hypotheses to be asymptotically precise, i.e., at some point addition of more characters should not affect the topology. The process of adding characters usually stops for practical rather than theoretical reasons; morphological and molecular characters both require time, money, and diverse skills to collect. Assessing just where we are on the road to systematic stability is the aim of continuous jackknife function (CJF) analysis.
CJF analysis graphically visualizes progress toward a stable systematic solution. The method tests a specific phylogenetic hypothesis with respect to a cladistic data matrix. The phylogeny under study is usually a most-parsimonious tree or consensus tree based on all available data, referred to herein after as the reference tree. CJF analysis simply reveals how the removal of increasing quantities of characters from a data matrix affects the rate of recovery of clades in the reference tree. The graph of nodes recovered against data removed shows the adequacy of data collection to date. As more characters are removed, the number of clades shared between trees from a rarefied matrix and a reference tree should decrease. The shape of the curve indicates the completeness of a phylogenetic investigation toward a stable result. Very stable phylogenies exhibit nested sets of synapomorphies that overwhelm character conflict. Such data can endure the exclusion of substantial portions of characters before phylogenetic signal begins to degrade. Graphing clade congruence as a function of character exclusion generates a curvilinear relationship showing nearly 100% congruence for the asymptotic part of the curve. However, less stable phylogenies will lose congruent nodes quickly as characters are excluded. Graphs of clade congruence from such data will be more nearly linear, or asymptotic with much less than 100% congruence. The shape of the CJF curve predicts the degree to which additional characters drawn from the same statistical universe as characters in the matrix can be expected to change the phylogeny.
CJF analysis is useful when evaluating a phylogenetic hypothesis as a whole. Methods such as bootstrap (Felsenstein, 1985a) and Bremer support (Bremer, 1988 (Bremer, , 1994 DeBry, 2001) are commonly used to assess support for specific clades. The ensemble consistency index (CI; Kluge and Farris, 1969) and ensemble retention index (RI; Farris, 1989; Archie, 1989b) are commonly used measures of homoplasy for an entire tree. CJF analysis can SYSTEMATIC BIOLOGY VOL. 52 be used likewise to evaluate the support in a data set for a given hypothesis. Comparative biologists can use CJF analysis in cases where an evolutionary hypothesis depends on multiple clades within a tree, such as the repeated evolution of some characteristic. CJF analysis also can be used to evaluate the performance of different data to address the same phylogenetic question, such as with data partitions in a combined data (total evidence) analysis.
Jackknife methods generate pseudoreplicates by excluding a fixed fraction of the data. Either characters or taxa may be culled to make pseudoreplicates. Methods may remove one taxon or character at a time (first order) or more than one (higher order) (Siddall, 1995; see also Miller, 1974) . Methods based on the jackknife with applications for systematics have been proposed using a variety of protocols for a variety of objectives (e.g., Mueller and Ayala, 1982; Lanyon, 1985; Davis, 1993; Farris et al., 1996; Farris, 2001) . CJF analysis is the only jackknifebased method designed to produce a graph that portrays progress in a phylogenetic analysis. It is more similar in goals and presentation to Hillis's (1996 Hillis's ( , 1998 simulation studies than to any other jackknife method. Hillis predicted how many characters were necessary to solve a phylogenetic problem based on a model of evolution estimated from a real data set. As with CJF analysis, Hillis looked at how much of the tree was correct rather than how many trees were completely correct as his measure of congruence (contrast with Cummings et al., 1995; Sullivan and Swofford, 2001; Swofford et al., 2001 ). Unlike Hillis's method, CJF analysis does not predict how many characters will be required to stabilize a phylogenetic problem, but it does show the rate at which the hypothesis is changing as data are added. CJF analysis also differs by using rarefaction of real data rather than a model of character evolution.
Other biological disciplines rely on asymptotic curves to assess progress (Pielou, 1966) . Ecologists use species accumulation curves to assess progress in sampling di-TABLE 1. Published data matrices used in this study. Density is the ratio of phylogenetically informative characters to taxa. N max refers to the maximum number of resolved nodes in any most-parsimonious tree with a basal trichotomy; this is the denominator used to scale the congruence score. MPTs is the number of most-parsimonious trees for the complete data set. S 50 and S 90 are the CJF scores set at the 50% and 90% levels, respectively. CJF score is calculated as the minimum amount of data removal at which at the specified congruence level is exceeded. A dash indicates undefined CJF score. CI is the consistency index (calculated using informative characters only), RI is the retention index. Emerson et al. (1999) reported finding 30 MPTs; the 6 trees used here as reference trees are one step shorter. The strict consensus of the six MPTs has the same S 50 and S 90 scores as the individual MPTs.
b Reference tree is the strict consensus of 30 trees reported by Emerson et al. (1999: fig. 1 ). c The strict consensus of the 16 MPTs of Scharff and Coddington (1997) is undefined for the S 90 score.
versity. These curves track the total number of species collected over time. An asymptotic function is expected for studies where most species have been encountered (Pielou, 1975; Colwell and Coddington, 1994) . CJF analysis analogously assesses progress in the collection of phylogenetically informative characters. The expectation that accumulated character data should eventually converge on some solution has been explored previously in systematics. Penny and Hendy (1986) successfully tested their expectation that comparisons between nonoverlapping data partitions of increasing size should result in increasingly similar most-parsimonious trees. Other studies have expressed similar relationships graphically, plotting some measure of accuracy against data quantity. All have interpreted asymptotic behavior as indicating good performance (e.g., Hillis, 1996 Hillis, , 1998 Cummings et al., 1995; Sullivan and Swofford, 2001; Swofford et al., 2001 ).
METHODS

Data Sets Analyzed
CJF analysis was performed with a series of simulated data sets, an analysis of vertebrate relationships based on the entire mitochondrial genome (Cummings et al., 1995) , an analysis of mammal relationships based on 12S RNA ribosomal (rRNA) (Emerson et al., 1999) , selected morphological analyses of spider relationships at various taxonomic levels (Hormiga et al., 1995; Scharff and Coddington, 1997; Griswold et al., 1998) , and two studies of ordinal relationships among arachnids and their allies (Shultz, 1990; Wheeler and Hayashi, 1998 ; Table 1 ).
Simulations.-The simulated data sets were generated using the Genesis module (Maddison and Maddison, 2001a) in Mesquite (Maddison and Maddison, 2001b) . Data sets were composed of 16 ingroup taxa plus 2 outgroup taxa and 180 DNA characters. One series of simulated data sets were based on a pectinate topology, and the other had the ingroup taxa arranged in a completely balanced topology. Simulations were based on an equal frequencies, equal rates model (Jukes and Cantor, 1969) , with all branches of equal length. Scaling factors, which modify evolutionary rate, were varied to show how CJF curves should appear under conditions of light, moderate, and extreme homoplasy. Five data sets were generated for each of three scaling factors (0.1, 0.5, and 1.0) and for each topology.
Empirical data. -Cummings et al. (1995) investigated the phylogeny of 10 vertebrate taxa based on the entire mitochondrial genome. The aligned matrix had >7,000 phylogenetically informative characters. The modest number of taxa, the large number of characters, and the assessment of stability by Cummings et al. (1995) indicated that this data set should be quite stable to the removal of data. Their single most-parsimonious tree was used as the reference tree (Cummings et al., 1995: fig. 1 ). Emerson et al. (1999) investigated 118 complete 12S rRNA sequences representing all 18 eutherian orders and 3 metatherian orders and recovered 30 mostparsimonious trees, all of which indicate controversial results such as polyphyly of both primates and bats. Citing alignment ambiguities and low parsimony jackknife support, Emerson et al. concluded that 12S rRNA sequence data alone lacked the ability to resolve relationships among mammalian orders. My reanalysis of Emerson et al.'s data using the ratchet (Nixon, 1999) as implemented in WinClada (Nixon, 2002) produced 6 mostparsimonious trees one step shorter than those reported by Emerson et al. I performed CJF analyses on Emerson et al.'s data using each of the 6 most-parsimonious trees, the strict consensus of the 6 most-parsimonious trees, and the consensus of 30 trees reported by Emerson et al. (1999: fig. 1 ) as reference trees.
I investigated progress in the phylogeny of orbweaving spiders and their relatives by selecting three analyses: relationships among orb-weaving families and their descendents (Griswold et al., 1998) , genera of the family Tetragnathidae (Hormiga et al., 1995) , and genera of the family Araneidae . The orb-weaving families analysis yielded one most-parsimonious tree, which was used as the reference tree (Griswold et al., 1998: fig. 7 ). The tetragnathid genera analysis yielded three most-parsimonious trees, with conflict at one outgroup node. Hormiga et al. (1995: fig. 30 ) preferred one of these trees based on its congruence with another analysis, and this preferred tree was used as the reference tree. The araneid genera analysis produced 16 most-parsimonious trees but included problematic taxa that jumped between distant parts of the tree. Scharff and Coddington did select a preferred working hypothesis. This preferred tree (Scharff and Coddington, 1997: fig. 82 ) and the strict consensus tree (Scharff and Coddington, 1997: fig. 81 ) were both used as reference trees. Shultz (1990) investigated arachnid relationships based on morphology. This analysis employed novel character systems and resulted in controversial conclusions, especially concerning the placement of Scorpiones (Selden, 1993; Dunlop and Webster, 1999) . The data implied a single most-parsimonious tree, which was used as the reference tree (Shultz, 1991: fig. 4 ).
Wheeler and Hayashi (1998) considered both molecular (18S rDNA and 28S rDNA) and morphological evidence in their study of chelicerate phylogeny. Their analysis was performed using OY (Gladstein and Wheeler, 1996) , which produces phylogenies directly from sequence data (OY is a precursor to POY; Gladstein and Wheeler, 2001) . Their preferred phylogeny was generated under a weighting scheme that had insertiondeletion events and morphological characters weighted twice compared with base substitutions and transversions weighted twice compared with transitions. They also generated an implied alignment. I used their implied alignment with all characters and state changes equally weighted and with gaps and polymorphic sites treated as unknown. The equally weighted combined data analysis of Wheeler and Hayashi generated seven most-parsimonious trees, six of which were congruent with their preferred hypothesis of ordinal relationships. The one incongruent tree suggested an alternative placement for palpigrades, which were not represented in the molecular data and may therefore have suffered from missing data problems. I ran three analyses of the Wheeler and Hayashi data: the morphology alone, the molecular data (both genes) alone, and all data in combination. For all three analyses, the reference tree was based on the topology for the combined data analysis (Wheeler and Hayashi, 1998: fig. 10 ). Because no sequences of Palpigradi were available to Wheeler and Hayashi, this taxon was excluded from the reference tree for the molecular data alone. When molecular data were involved, the reference tree had exemplars from each order collapsed into a polytomy so that only ordinal relationships were reflected; relationships of exemplars within orders were not a focus of Wheeler and Hayashi's study. The reference tree also did not resolve relationships among outgroup taxa.
Sampling Data NONA phase.-Rarefied data matrices were created using a batch file executed in NONA (Goloboff, 1993 ) (see Appendix 1 for settings and search strategy, available online at the Systematic Biology website: http://systbiol.org/). Characters were randomly removed from the data matrix, with the probability of character removal set between 2% and 98% in increments of 2%. One hundred replicates of each level of character removal were performed. A phylogenetic analysis then was performed on each rarified matrix. In total, 4,900 rarified matrices were analyzed for each complete data set. The congruence score of each tree from the rarefied analyses was calculated by comparing it with the reference tree.
PEST phase.-Congruence was calculated using PEST (Zujko-Miller and Miller, 2002) . Groups were counted as congruent when their composition, but not necessarily their internal arrangement, was identical (Fig. 1) . Each FIGURE 1. Criteria for assessing congruence between a reference tree and a tree from a rarefied analysis. Nodes were counted as congruent or incongruent depending on whether they contained the same set of taxa but without regard for the internal arrangement of those taxa. Thus, node ABCD is considered congruent even though the internal arrangement of C and D are different. This difference is factored into the analysis because there is no node ABC in the rarefied analysis. Reference trees have a basal trichotomy to avoid counting the "free" clade ABCDE. In this example, comparison between the tree from the rarefied analysis and the reference hypothesis identifies two congruent notes (solid bars). This result is divided by N max , the maximum number of resolved nodes in any most-parsimonious tree with a basal trichotomy. Thus, if any most-parsimonious tree is fully resolved, N max equals the number of taxa minus 3. The number of congruent nodes divided by N max is the scaled congruence score, which is expressed as a percentage.
unique most-parsimonious tree from a rarefied matrix was compared with the reference tree. Thus, each data point in Figures 2-4 represents the average congruence of at least 100 trees (and often more) with the reference tree. The final data point was provided by comparing all most-parsimonious trees from the complete data set with the reference tree.
For CJF, congruence is defined as the number of nodes shared between the rarefied tree and the reference tree (Fig. 1) . Congruence is scaled for plotting on a graph by dividing by N max , the maximum number of dichotomous nodes found in the most resolved most-parsimonious unrooted tree. This quotient is the scaled congruence score and is expressed as a percentage (Table 1) . When the reference tree is fully resolved, the scaled congruence score is equivalent to the average percentage of nodes in the reference tree recovered from the rarefied matrix. This scaling device insures that a poorly resolved reference tree (e.g., a strict consensus tree) will not lead to an inflated curve by excluding conflicted nodes. The scaled congruence score guarantees that a consensus tree used as the reference tree will never perform better on a CJF graph than any of the most-parsimonious trees used to generate it. If congruence were scaled by the maximum possible number of resolved nodes (number of taxa minus 3, including a basal trichotomy), the curve could be inflated by absence of data to discriminate among taxa rather than conflict in the data. For example, the addition of an arbitrary number of identically coded taxa would result in a polytomy (Wilkinson, 1995) , driving the curve down. If more characters were added and some of the taxa continued to be identical for all characters, the tree could become stable in spite of its polytomy, i.e., the tree would not change with the addition of more equivalent data. Only lack of resolution due to data conflict should be able to degrade the CJF curve.
When necessary, reference trees were emended to include a basal trichotomy (Fig. 1) , which is equivalent to an unrooted network. NONA always draws the first taxon as sister to the remaining taxa in the analysis, but the convention creates a "free" clade in all trees, regardless of data, and thus inflates the curve.
The results of CJF analysis can also be summarized numerically by reporting the minimum amount of data removal at which the average scaled congruence score reaches a predetermined value, P. This is the CJF score, and it facilitates the interpretation of CJF curves (Table 1) . P can be set to any appropriate value, such as 50% for average data sets or 90% for more stable data sets. The CJF score is undefined if the analysis never reaches the critical level. The curve itself depicts the robustness of the hypothesis under test in a graphic way that a number cannot match, but the CJF score fulfills the need to compare or describe data sets numerically. The CJF score inevitably discards much of information and can be misleading if not considered with reference to the graph.
RESULTS
The results from simulated data sets are plotted in Figure 2 , the vertebrate mitochondrial genome (Cummings et al., 1995) and mammal 12S rRNA (Emerson et al., 1999 ) data sets are plotted in Figure 3 , and the spider morphology (Hormiga et al., 1995; Scharff and Coddington, 1997; Griswold et al., 1998) and the arachnid/chelicerate (Shultz, 1990; Wheeler and Hayashi, 1998 ) data sets are plotted in Figure 4 . Using an 800-MHz Pentium III computer, the NONA phase of the analysis usually took between 12 and 48 hr (the mammal 12S rRNA data took about 3 weeks); the PEST phase took between 1 min and 8 hr.
The curves from the simulated data sets illustrate a broad range of the possible results from CJF analysis. All simulations with a scaling factor of 0.1 converged on the reference tree with a substantial portion of the data removed. The S 50 (CJF score at the 50% level) was 86-88 for the pectinate topology, and 86-90 for the balanced topology, and the S 90 (CJF score at the 90% level) was 56-70 for the pectinate topology and 54-62 for the balanced topology. Topology affected results more under scaling factor 0.5. Pectinate topology CJF curves tended to be more or less straight, showing little sign of concavity. Balanced CJF curves decreased but recovered a smaller proportion of nodes when most of the data set was retained. The S 50 ranged from 56 to 60 for the pectinate topology and 70 to 76 for the balanced topology. The S 90 ranged from 4 to 24 for the pectinate topology, but the S 90 level was achieved in only one of the five replicates for the balanced topology, scoring 10. No simulation at the 1.0 level attained 50% of the nodes in the reference tree. Curves FIGURE 2. Continuous jackknife function graphs of simulated data arranged to give a pectinate topology (a) and arranged to give a balanced topology (b). Curves show the average scaled congruence score with respect to a reference tree as the percent probability of removing each character from the data matrix increases. Simulated data sets were composed of 16 ingroup taxa plus 2 outgroup taxon and 180 DNA characters. Simulated data were generated using an equal rates, equal base frequencies, equal branch lengths model with the scaling factor set to 0.1, 0.5, or 1.0. Five replicate data sets using each of the three scaling factors were generated for both topologies.
in the pectinate topology increased at a markedly slower rate compared with curves in the balanced topology.
The phylogenetic analysis of 10 vertebrates using the complete mitochondrial genome (Cummings et al., 1995) clearly converged on the reference tree (Fig. 3a) . The S 50 was calculated as 98, but the graph indicates that the actual value is higher. Less than 2% of the mitochondrial genome is necessary to recover more than 50% of the nodes supported by the entire genome for these 10 taxa. A more precise S 50 value requires finer deletion steps than 2%. The S 90 was 88. The CJF scores for the Cummings et al. data exceed those for all other real data sets examined for this study. This stability is due in part to the data matrix dimensions, with >700 times as many informative characters as taxa.
Despite poor parsimony jackknife support and some peculiar relationships, CJF analysis indicates a fair amount of structure in Emerson et al.'s (1999) data (Fig. 3b) . Although these data do not quickly converge on the reference trees, they might well make a useful contribution to a larger analysis incorporating other genes and/or morphology. Problems with alignment ambiguity reported by Emerson et al. might be alleviated through reference to secondary structure (e.g., Kjer, 1995; Titus and Frost, 1996; Hickson et al., 1996 Hickson et al., , 2000 Morrison and Ellis, 1997; Buckley et al., 2000; Page, 2000) . A total of eight reference trees were tested: 6 most-parsimonious trees one step shorter than those reported by Emerson et al., the strict consensus of these 6 trees, and the strict consensus of 30 trees reported by Emerson et al. Curves SYSTEMATIC BIOLOGY VOL. 52 FIGURE 3. Continuous jackknife function graphs for real data. (a) Analysis of vertebrate relationships based on the entire mitochondrial genome (Cummings et al., 1995) . (b) Analysis of mammal relationships based on 12S rRNA (Emerson et al., 1999) . Eight different topologies were tested using the Emerson et al. data: 6 most-parsimonious trees (MPTs; one shown), the strict consensus of 6 most-parsimonious trees, and the strict consensus of 30 trees (one step longer than the most-parsimonious trees) reported by Emerson et al. (1999) . Curves for all six most-parsimonious trees were nearly identical. Curves drawn as in Figure 2. for all six most-parsimonious trees are nearly identical (curve for one of six trees shown in Fig. 3b) . The curve based on the strict consensus tree of six mostparsimonious trees is slightly lower than that for any single most-parsimonious tree but is indistinguishable using S 50 or S 90 values. The curve based on the strict consensus of 30 most-parsimonious trees reported by Emerson et al. performs slightly worse than the mostparsimonious trees or their consensus. All six mostparsimonious trees and their consensus have an S 50 score of 78 and an S 90 score of 0 (i.e., congruence exceeds 90% only when no data are excluded). The strict consensus of 30 longer trees has an S 50 score of 76; the S 90 score is undefined.
The spider data sets show that some aspects of spider phylogeny are understood better than others (Fig. 4a) . The orbicularian families (Griswold et al., 1998) CJF curve is slightly concave and never becomes flat (S 50 = 68, S 90 = 10). Although relationships among the orbicularian taxa represented by Griswold et al. (1998) are reasonably stable, they may be expected to change in minor ways as new data are contributed to the problem. The tetragnathid genera (Hormiga et al., 1995) CJF curve is a more or less straight line (S 50 = 52, S 90 = 4). Again, additional data will probably change the topology, probably more drastically than in the former example. The araneid data set is clearly the most incomplete analysis and substantially more data (Griswold et al., 1998) , tetragnathid genera (Hormiga et al., 1995) , and araneid genera ). Two trees were tested using the Scharff and Coddington (1997) data, the preferred of 16 most-parsimonious trees and the strict consensus tree. (b) Two analyses of arachnid/chelicerate ordinal relationships: Shultz's (1990) analysis based on morphological characters and Wheeler and Hayashi's (1998) analysis based on both morphology and nuclear ribosomal genes (18S and 28S rDNA). The Wheeler and Hayashi data were partitioned into morphology alone, molecules alone (both genes), and all data combined. Curves drawn as in Figure 2. are required for topological stability. Scharff and Coddington were well aware that their analysis was unlikely to be the last word on araneid phylogeny. They acknowledged that "support for many nodes is weak " (1997:419) and that "the phylogeny presented here may soon require revision" (1997:404). The CJF curve for the strict consensus tree is only slightly worse than the preferred hypothesis. Both curves have an S 50 score of 18. The curve based on the preferred tree crosses the S 90 threshold only when no data are excluded from the matrix; S 90 is undefined for the curve based on the strict consensus tree.
The chelicerate CJF curves sets show that Wheeler and Hayashi's (1998) incorporation of ribosomal gene data did not substantially improve on Shultz's (1990) analysis using only morphology (Fig. 4b) . The morphological component of Wheeler and Hayashi's analysis was drawn largely from Shultz's analysis but also from other literature sources. Wheeler and Hayashi also expanded the representation of outgroup taxa. Shultz rooted his analysis using a hypothetical ancestor based on several living and fossil taxa. The use of a hypothetical ancestor may have led to an underestimate of the amount of homoplasy that is relevant to the question of early chelicerate evolution. Wheeler and Hayashi's morphological matrix included extant outgroup taxa and contained more character conflict than Shultz's. The additional character conflict rendered several deep nodes in the arachnid tree ambiguous. Wheeler and Hayashi's morphology data alone (S 50 = 52, S 90 undefined) perform distinctly worse than Shultz's morphology data (S 50 = 70, S 90 = 18), although both curves are slightly concave. The molecular data alone cross the S 50 threshold only when no data are excluded from the matrix. These data consistently recover just <40% of the nodes when up to a third of the data are removed. This type of leveling off may indicate that the molecular data are consistently recovering a fraction of the nodes in the chelicerae tree. However, this analysis indicates that the genes selected are quite inefficient for recovering the entire reference tree on their own. Despite the relatively poor performance of Wheeler and Hayashi's data partitions independently, the combined data analysis indicates a degree of stability that is roughly on a par with Shultz's analysis (S 50 = 74, S 90 = 12). The superior performance of the combined data over both the morphological and molecular data as indicated by the curves generated may be a visualization of secondary signal, an idea advocated as an advantage of simultaneous data analysis (Kluge and Wolf, 1993; Nixon and Carpenter, 1996) . The only topological difference between the conclusions of Shultz and those of Wheeler and Hayashi is in the relationships between the Araneae and Amblypygi. In Shultz's analysis, Araneae is sister to a clade containing Amblypygi and two other orders; in the analysis of Wheeler and Hayashi, Araneae and Amblypygi are sister taxa.
My reanalysis of Wheeler and Hayashi's (1998) data did not employ their favored weighting scheme. Upweighting morphology and tranversions relative to transitions probably would have improved the combined data and molecular curves, but this approach was not possible to duplicate using NONA. Instead, the CJF curves assess agreement between the reference tree and the accumulated morphological and aligned ribosomal gene characters, counting each line of evidence equally (Kluge, 1997a) .
DISCUSSION
The examples above show how CJF can be applied in real cases. The most general application is as a method to evaluate support (Fig. 3a) . Unlike the bootstrap (Felsenstein, 1985a) or Bremer support (Bremer, 1988 (Bremer, , 1994 , which assess support for specific clades, CJF analysis graphically dissects the depth of support for the overall phylogeny. CI and RI statistics, in contrast, capture the final support for an overall phylogeny and express it numerically. Interpretation of the CI and RI can be difficult, especially when one is interested in comparisons between data sets (Sanderson and Donoghue, 1989; Goloboff, 1991b) , but CJF facilitates such comparisons (Figs. 4a, 4b) . CJF is intended to supplement numerical support indices and to enrich the ways in which systematists can understand the relationship between data and results.
Comparative biologists can use CJF analysis in cases where an evolutionary hypothesis depends on multiple clades within a tree, such as the repeated evolution of some characteristic or the evolution of a continuous variable. Hormiga et al. (2000; see also Coddington et al., 1997) used the topologies of the three data sets depicted in Figure 4a to discuss the evolution of sexual size dimorphism in orbicularian spiders. Bond and Opell (1998) relied in part Griswold et al.'s (1998) topology for their study of silk and web architecture traits and clade imbalance. Phylogenetic hypotheses are fundamental to such work, and a measurement of the strength of those foundations, numerically or graphically, is important.
CJF analysis also can be used to evaluate how different data or studies contribute to the same phylogenetic question (Fig. 4b) . The Wheeler and Hayashi (1998) combined data analysis built upon and modified the results of Shultz (1990) . CJF analysis can also parse the contribution of components in a combined data analysis. There is considerable disagreement over when, if ever, data should be analyzed separately versus simultaneously (e.g., Kluge, 1989 Kluge, , 1997b Barrett et al., 1991; Bull et al., 1993; Eernissee and Kluge, 1993; Kluge and Wolf, 1993; Chippindale and Wiens, 1994; Huelsenbeck et al., 1994; de Queiroz et al., 1995; Miyamoto and Fitch, 1995) . Data visualization using CJF analysis could be a useful tool for evaluating this question.
Interpretation
Does CJF analysis predict that as more data are added curves will be increasingly asymptotic? That presumes a sampling model in which new characters are drawn randomly from the same universe of characters as the original data, certainly an erroneous supposition in many contexts. Systematists do not gather characters at random, and this fact has long been recognized as a fundamental challenge to the application of statistics in systematics (Felsenstein, 1985a; Sanderson, 1989; Carpenter, 1992 Carpenter, , 1996 Kluge and Wolf, 1993; Cummings et al., 1995) . However, the nonrandom character sampling critique applies to many statistical support measures, including the bootstrap. To the extent that new work samples from drastically different new universes, or from old universes differently, CJF curves will fail to predict the future. Averaged over many replicates, the CJF curve represents some mean data collecting effort under the assumption of random character sampling. Addition of characters in small increments more closely approximates the process of accumulating morphological data than accumulating sequence data, which involves adding blocks of contiguous regions from the genome. Nevertheless, CJF analysis should be equally applicable to both types of data.
Two attributes of CJF curves are useful in their interpretation: the degree to which the curve is decreasing and the height of the curve above the abscissa. Decreasing functions that flatten out with nearly 100% of nodes recovered should be interpreted as superadequate efforts to address a phylogenetic problem. Curves that flatten out with far less than 100% of nodes recovered may be reliably recovering a set of specific nodes while other parts of the tree are ambiguous. Curves that are essentially straight or even increasing demonstrate instability and suggest that more data should be added. The final data point, with no data excluded, deviated strongly in a positive direction from the overall trend in several data sets probably because the final data point is not subjected to permutation and represents the very data set that generates the reference tree. This artifact can be neglected when evaluating the overall trend of the CJF curve.
Experience indicates that equally parsimonious reference trees tend to result in similar curves. By design, strict consensus trees never have a higher scaled congruence score than that of any most-parsimonious tree, but their score does not seem to be much lower either. This is probably because nodes lost in the strict consensus tree based on all the data are also usually the first to go in rarefied matrices.
Stability or Accuracy?
CJF analysis does not assess historical accuracy; it simply indicates whether the data tend to converge on a particular reference tree. Although the reference tree should be the best available estimate of the phylogeny, there is no guarantee that it is the historically accurate phylogeny, regardless of the shape of the curve. The wellknown long branch attraction scenario is a theoretical case where parsimony becomes inconsistent and therefore stability and accuracy diverge (Felsenstein, 1987) . Under this scenario, as more data are accumulated, they favor the historically inaccurate tree with increasing decisiveness. Under these conditions, a CJF curve will indicate data convergence on historically inaccurate reference tree. Maximum likelihood has been advocated as a solution to the long branch attraction problem under some circumstances (e.g., Felsenstein, 1987; Hendy and Penny, 1989; Huelsenbeck, 1995; Swofford et al., 2001 ; but see Siddall, 1998; Farris, 1999; Siddall and Whiting, 1999) . It may be possible to modify CJF analysis for maximum likelihood, but at a computational cost. CJF analysis for maximum likelihood would have to address both convergence on a topology and convergence on a choice of model because choice of model and parameter values is integral to maximum likelihood analysis and the rate of change in these variables is expected to decrease as more data from a given source are accumulated. As more and more data were excluded, it would become harder to reject simpler models using a likelihood ratio test. It may be reasonable to retain the model structure used for the complete data set for each rarefied data set and only recalculate the parameter values. This approach would probably give approximately the same results for most real data while saving computation time.
Similarly, parsimony analysis based on any form of a posteriori weighting should recalculate weights for each rarefied data. Because weighting schemes, too, should change at a decreasing rate with the accumulation of characters, assigning weights to rarefied data sets based on a large number of characters should inflate the curve. Such a curve would be a biased estimate of the effect of adding new data and would not take into account rate of change for the weighting scheme.
The continuous jackknife method may also give misleading results when characters are nonindependent (i.e., linked by structural or functional constraints; see Pagel, 1994; Wollenberg and Atchley, 2000; O'Keefe and Wagner, 2001) or when gene trees and species trees diverge via paralogy, hybridization, or lateral transfer (e.g., Moritz and Hillis, 1996) . Under these conditions, CJF curves may overestimate stability or indicate convergence on a historically inaccurate reference tree. Data sets containing conflicting phylogenetic signal may never converge on any single tree. Again, such problems afflict most, if not all, comparable measures of support. Even when CJF results are misleading in terms of historical accuracy, they should still be able to predict the rate at which the accumulation of new data will change the phylogenetic results.
Some systematists have argued that all relevant and available phylogenetic observations should be considered simultaneously in phylogenetic analysis and that the process of adding data is continuous (Farris, 1983; Eernissee and Kluge, 1993; Kluge and Wolf, 1993; Kluge, 1997a Kluge, , 1997b Wenzel, 1997) . However, simply maximizing data does not allow scientists to evaluate the adequacy of their sampling efforts. Clearly some phylogenetic questions are more conclusively answered than others. Although some have argued against the relevance of support measures and the idea that stability is a goal of cladistics (Sober, 1988; Kluge, 1989 Kluge, , 1997b , it seems reasonable for systematists to seek some indication of the stability of their phylogenies (e.g., Mueller and Ayala, 1982; Sanderson, 1989 Sanderson, , 1995 Siddall, 1995) . After all, phylogenetic analyses are fundamental to biology in general through classification systems (Hennig, 1965) , comparative biology (Felsenstein, 1985b ), conservation (Vane-Wright et al., 1991 , and other avenues. Support is an important systematic concept, yet the best way to quantify it remains controversial. Some statistical methods of assessing support are uninterpretable, nonsensical, or misleading, at least under some circumstances (e.g., Goloboff, 1991b; Carpenter, 1992; Källersjö et al., 1992; Farris et al., 1994; Swofford et al., 1996; Carpenter et al., 1998; de Laet and Smets, 1999; Wenzel and Siddall, 1999; Peres-Neto and Marques, 2000; DeBry, 2001) . Perhaps support measures can only approximately measure stability. In spite of potential problems, systematists must make informed judgments about their progress toward the resolution of phylogenetic problems. Graphical procedures such as CJF analysis are an underutilized class of methods for making that assessment.
